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time-domain (FDTD) simulation studies show that a nanoslit array device can provide a well-
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peak wavelength, λmax, with increasing period. Simulation studies show that the refractive index 
(RI) changes occurring on the in-slit gold surfaces contribute the most to the resonance 
transmission wavelength shift, suggesting that the strong confinement of LSPR in the narrow slit 
region is the origin of the sensitive RI response. These planar nanoslit array devices were used to 
detect the ligand binding protein, β-lactoglobulin (β-LG), with functionalization of specific 
binding retinals linked via a self-assembled monolayer at the array surfaces. These results 
illustrate the promise of nanoslit arrays for LSPR bio-detection in a lab-on-chip device platform. 
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Abstract
Ordered arrays of nanostructures in thin metal (Au) films have been studied for 
localized surface plasmon resonance (LSPR) sensing with a transmission spectral mode. 
We report on a nanoslit array device that is designed to permit extraordinary optical 
transmission (EOT) with a tunable primary peak in the visible to near infrared range 
and a spectral shape and light transmission that is determined by surface plasmon 
manipulation in the embedded gold film. Finite-difference time-domain (FDTD) 
simulation studies show that a nanoslit array device can provide a well-defined 
transmission resonance and display a monotonically increasing value of the resonance 
peak wavelength, λmax, with increasing period. Simulation studies show that the 
refractive index (RI) changes occurring on the in-slit gold surfaces contribute the most 
to the resonance transmission wavelength shift, suggesting that the strong confinement 
of LSPR in the narrow slit region is the origin of the sensitive RI response. These planar 
nanoslit array devices were used to detect the ligand binding protein, β-lactoglobulin 
(β-LG), with functionalization of specific binding retinals linked via a self-assembled 
monolayer at the array surfaces. These results illustrate the promise of nanoslit arrays 
for LSPR bio-detection in a lab-on-chip device platform.
ABBREVIATIONS
EBL: Electron-Beam Lithography; EOT: Extraordinary Optical 
Transmission; FDTD: Finite-Difference Time-Domain; FIB: 
Focus Ion Beam; LSPR: Localized Surface Plasmon Resonance; 
LOC: Lab-On-Chip; PBS: Phosphate Buffer Saline; RI: Refractive 
Index; RIU: Refractive Index Unit; LG: Lactoglobulin, SAM: Self-
Assembled Monolayer
INTRODUCTION
Lab-on-chip (LOC) technology is an emerging technology 
and continues to dramatically enhance healthcare by providing 
effective and convenient lab tools for a wide spectrum of 
biomedical applications, in particular for use in medical 
diagnostics and therapeutics. Microfluidic chip-based devices 
[1] provide a number of key advantages over conventional 
technologies, including small sample volumes (nano- to micro-
liters), fast reaction times (seconds to minutes), high throughput 
(parallel arrangements, manifolding), salient portability, and 
automated handling (sample processing, mixing, reaction, and 
detection stages). In addition, microfluidics-based LOC devices 
can be mass-produced at low unit cost, making them truly 
disposable. These features render LOC devices an excellent 
candidate for the routine monitoring of public health [2-4], the 
environment [5], and so on.
While LOC has experienced tremendous growth and strongly 
impacted biomedical research over the past two decades [3], it 
remains limited by compatible analysis/detection platforms 
[6]. In parallel surface plasmon resonance (SPR) methods have 
shown great flexibility and robustness for detection. Specifically, 
nanostructured metal films that act as plasmonic sensing elements 
provide the fundamental technology for a new generation of SPR 
based assays that are emerging and compatible with microfluidic 
LOC platforms and highly parallel throughput studies [7]. 
Surface plasmons [8] (SPs) are very sensitive to the near 
surface dielectric constant (refractive index) and well-suited 
to the detection of surface binding events. The most common 
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methodology of SPR sensing is based on the Kretschmann 
configuration where a prism is used for the light-SP coupling at 
the surface of a thin metal film. The probe light undergoes total 
internal reflection on the inner surface of the prism. At a defined 
SPR angle, an evanescent light field travels through the thin gold 
film and excites SPs at the metal-dielectric interface, reducing the 
intensity of the reflected light. The intensities of scattered and 
transmitted light fields are used to determine the thickness and/
or dielectric constant of the coating. 
LSPR, caused by resonant SPs localized in nanostructures, 
have applications in near-field scanning microscopy with 
chemical resolution [9] and in the detection of chemical and 
biological agents with single molecule sensitivity [10-14]. 
Since researchers [15, 16] demonstrated that an array of sub 
wavelength holes transmits more light than predicted by 
classical diffraction theory [17] and correlated the extraordinary 
optical transmission (EOT) to the resonant excitation of surface 
plasmons that arise from the periodic nature of the arrays [16, 18], 
nanoscale metal structures have generated considerable interest. 
On an applied level, this work has encouraged researchers to 
explore the potential for creating nanoscale sensors [10-12, 14] 
and other devices from such arrays. Transmission mode SPR 
that is tailored via nanometer scale structures [19] could enable 
new plasmonic lab-on-chip technologies in bio/chemical sensing. 
The plasmonic interaction in bio/chemically functionalized 
nanostructure arrays may offer a new strategy for massively 
parallel detection of chemical and biological agents that bind 
to functionalized surfaces. Modulation of the nanoaperture 
array’s optical response by adsorbed analytes is expected to 
offer improved sensitivity and selectivity over conventional SPR 
methods. In addition, by avoiding use of bulky optics and high-
precision mechanics for angular or wavelength interrogation 
of metal films in contact with analytes, it should be possible to 
implement and automate the transmission SPR based sensor in 
compact instrumentation.
The unique optical properties of nanostructured arrays in 
transmission surface plasmon resonance (T-SPR) motivates 
further their application to surface based chemical and biological 
detection. In this paper, we report on the use of a nanoslit array 
metal film as a biosensor for detection of a retinol binding 
protein, β-LG. First, we investigated the correlation of the period 
of the nanoslit array with the primary transmission peak position 
and shape to select the best nanoslit array for the protein sensor. 
Then, self-assembled monolayers (SAMs) of alkanethiolates on 
the gold surfaces were used to provide a convenient way to attach 
a ligand receptor-retinal on the nanoslit surfaces. Additionally, 
integration of the nanoslit arrays with a perfusion chamber is 
demonstrated as a chip-based device that functions for in-situ 
surface functionalization and detection of the ligand binding 
protein, β-LG. 
MATERIALS AND METHODS
LSPR nanoslit device design and fabrication
Nanoaperture arrays are fabricated with either a focused 
ion beam system (FIB) or with E-beam lithography (EBL). FIB is 
well suited to rapid prototyping, while EBL excels at large scale 
pattern generation. The finite-difference time-domain (FDTD) 
method was used to simulate the optical properties of metal 
film nanoaperture structures, giving guidance to the design and 
understanding to the properties of the nanoplasmonic devices 
that were fabricated. 
In this work, we fabricated the metallic nanoslit arrays in a 
two-step process using standard FIB methodology. Cleaned quartz 
substrates were placed into an e-beam evaporator (Thermionics 
VE-180) and Au was evaporated thermally at a pressure of 
<10-5Torr. A very thin (1-3nm) Ti layer was evaporated first to 
enhance the adhesion of the Au to the quartz surface. Following 
thin film evaporation, nanoslits were milled and a focused ion 
beam system (Seiko 3050SE) at 30kV accelerating voltage with 
a 30 – 100pA current. For a typical nanoslit array, 40 individual 
nanoslits were fabricated with a spacing that defined the array’s 
periodicity. For transmission measurements, a reference window 
was milled into the same Au film that contains no nanoslit arrays. 
Materials and functionalization of au nanoslit array
All chemicals were purchased from Aldrich-Sigma and used 
without further purification, if not specified otherwise. A well-
established self-assembled monolayer (SAM) at gold surfaces 
[20,21] and chemical cross-linking reaction were used to modify 
the gold nanoslit surfaces for biosensor chip preparation. The 
retinal terminated self-assembled monolayer was prepared by 
the following procedure. Initially, 1 mM solution of alkanethiols 
(1:5mole ratio of 11-amino-1-undecanethiolto 8-hydroxy-1-
octanethiol, Dojindo Molecular Technologies, Inc.) in absolute 
ethanol was prepared for use in preparing the first mixed 
alkanethiol SAM with –NH2/-OH terminal moieties. Gold film 
nanoslit slides were incubated in the solution for 8-12 hours 
at room temperature. All-trans-retinal (from Sigma) was 
immobilized covalently to the amino-terminated SAM via 
formation of a Schiff’s base followed by reduction with NaCNBH3 
(from Sigma), which is a selective reductant for imines [22]. 
Finally, excess trans-retinal and the reductant were removed at 
room temperature by extensive washing with methanol and then 
with acetone. The washed gold nanoslit surfaces were dried with 
an N2 gas stream and then stored in the dark for the next usage. 
Contact angle measurement
Contact angles were measured with sessile water drops 
using a home-made setup and a microscopy goniometer at 
room temperature in air with a humidity of 20-35%. Nearly 
all measurements were performed with drops that had a total 
volume of 10-20 microliters. The static contact angle was 
Figure 1 (Left) quartz slide with gold film coating and gold nanoslit structures 
in the chamber; (middle) a SEM Image of nanoslit; and (right) a schematic 
diagram of setup for transmission spectrum measurement.
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measured after a water drop was placed on the substrate and the 
syringe needle was no longer touching it. Measurements were 
carried out for at least three drops and averaged. Each drop was 
made on a new spot of the substrate for each sample.
Optical measurements and setup
The EOT through the Au nanoslit array was characterized in 
the spectral range of 400 nm to 1800 nm, using unpolarized light 
at normal incidence. Transmission measurements were taken 
with a fiber coupled spectrometer (QE65000, Ocean Optics, or 
a CRAIC micro spectrophotometer). White light provided by a 
tungsten/halogen source was coupled into an optical fiber that 
was collimated and/or focused onto the nanoslit array at normal 
incidence. The transmitted light was collected with a high NA 
infinity corrected objective, collimated with the microscope 
optics and transmitted to a detector. Transmission data were 
collected as a percent transmittance or normalized to the area 
occupied by the nanoslits.
Figure 1 shows the experimental setup for measuring a 
nanoslit-based plasmonic sensor chip. A perfusion chamber is 
used to seal the nanoslit array, and two sample wells are used for 
injection of surface preparation solutions or samples for detection. 
The SAM preparation procedures, which were optimized on 
open gold surfaces, were performed in the sealed nanoslit chip 
in order to demonstrate the feasibility of incorporating these 
nanoplasmonic sensor elements into microfluidic chips. To 
manipulate and position the sensor, we used a control system 
for broad and fine adjustments within the field of view of an 
inverted Nikon microscope’s stage. A small micro-control box 
for fine (micro-scale) x, y, and z translational adjustments was 
bolted above a large control box capable of large scale x, y, and 
z translational adjustments. This protocol is well-suited for a 
miniaturized sensor on a chip-based device.
RESULTS AND DISCUSSION
Nanoslit fabrication and optical characterization
Fabrication and Characterization:  In order to study the 
correlation of the transmission spectra to nanoslit array periods, 
we fabricated gold nanoslit arrays with different periods and slit 
widths. The “period” is defined as the distance between nanoslits 
in the array; hence an increase of the period means a bigger space 
between two slits. Figure2 shows nanoslit structures milled 
within a 100 nm thick Au film with a cross section (panels (a) 
and (b)) for a better view of the nanoslits in the metal film. The 
EOT property of nanoslit array devices depends on two types 
of resonance waves, i.e. the SPR wave propagating along the 
metallic interface and the gap resonance wave inside the nanoslit 
cavity [15,23-25]. The wavelength of SP polaritons that are 
excited over the two dimensional nanoaperture array give rise 
to a SP resonance peak in the transmission spectrum through 
the nanoslit array, and the criterion for SPR is given by the phase 
matching condition; for the one dimensional nanoslit with normal 
incident light, the resonance wavelength can be approximately 
calculated by the equation [18]:
1
2
d m
SPR
d m
P e eλ
e e
 
=  
+ 
              (1)
where ed is the dielectric function of the dielectric at the metal/
dielectric interface, em is the metal’s dielectric constant, and P is 
the lattice constant (period) for a square array. The resonance 
EOT is actually characterized by the effective refractive index(neff)
at the metal/dielectric interface, the width (d) and height (h) of 
the slits, the period (P), and the resonance wavelength (λ) at 
phase matching condition [8,26]. The transmission of the gold 
nanoslits has a resonance wavelength given approximately by 
the equation [8,18,26]:
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The plasmon-mediated transmission is several orders 
of magnitude higher than expected from Bethe’s law for the 
transmission of light through sub-wavelength apertures. The EOT 
spectrum is sensitive to both the geometric arrangement of the 
apertures in the array and the values of the dielectric functions 
at the metal-dielectric interface. Thus, changing the dielectric at 
the interface of a nanoaperture array will cause the wavelength 
of the transmission peak to shift, the phenomenon that we use 
for sensing.
A series of nanoslit arrays with different periodicity ranging 
from 400 nm - 1000 nm were fabricated using the FIB process. 
The transmission spectra are presented in Figure3a. As expected, 
it was found that there is a primary resonance which shifts 
to higher wavelength with increasing period.  The change in 
shape of the transmission resonance is an interesting result 
and is indicative of the complex nature of the transmission 
process. The transmission spectra in Figure 3b were calculated 
for three different nanoslit array periodicities using the FDTD 
method (licensed Lumerical FDTD software).  These calculations 
used a vacuum dielectric constant of εd=1 (the neff in air) and a 
Figure 2 SEM images of FIB milled nanoslit arrays within a 100nm Au film: 
(a) 50nm slits and (b) 120nm slits as cross section view, and (c) a full view of 
nanoslit array. The width of the slit was controlled with the ion beam current 
used during fabrication.
Figure 3 The measured (a) and examples of FDTD simulated (b) transmission 
spectra for bare Au nanoslit arrays with changing periods.
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metal dielectric constant of εm∼−12. In general, the primary 
transmission peak red shifts and broadens with increasing 
period. The primary difference between the FDTD spectra and 
the transmission spectra is the overall width and definition of the 
peak shape. The experimental transmission peaks are broader 
and less well defined in general.
The wavelength of the primary transmission peak position 
(λmax) were extracted and plotted in Figure4 for the different 
nanoslit periodicities, from both the FDTD and the experiment. 
One can find a linear correlation of the peak red-shift to the 
nanoslit periodicity; this work finds good agreement across 
all array periods. Both experimental and FDTD transmission 
spectra show a monotonically increasing value of λmax with the 
period, but a broad peak width was found for bigger periods.
These results indicate the importance of the nanoslit array’s 
period in determining the transmission peak position, and thus 
an important parameter for bio/chemical sensor applications.
RI sensitivityof nanoslit
FDTD Simulation: A critical parameter for a nanoplasmonic 
sensor is the sensitivity of the resonance transmission shift to 
refractive index changes at or near the metal surface. In order 
to understand the refractive index sensing better, the profiles of 
the optical near field were analyzed using the FDTD method. In 
the simulations, the nanoslit array was chosen to have nanoslits 
of width 50 nm and a pitch of 2 microns (the film thickness was 
taken to be 100 nm). In these calculations, a single unit cell of 
the array was modeled and symmetric/antisymmetric boundary 
conditions were used to further reduce the simulation volume 
by a factor of four. (Note that the symmetric/anti-symmetric 
boundaries must be consistent with the source polarization).The 
simulation runs in about 5 to 15 minutes on a personal computer. 
Some convergence testing of the mesh size should be done for 
each simulation and typically mesh sizes of 5 nm or less are used 
for the final results. 
In order to compare contributions of the shift in the peak 
transmission wavelength of the EOT spectrum as the refractive 
index changes from the metallic interface mode and the nanoslit 
cavity mode,the primary EOT spectra of the nanoslit with SAM 
modified at the top and in-gap gold surfaces are calculated 
respectively using the FDTD method. Figure 5 shows diagrams 
of the single unit cell models that were used for evaluating how 
the EOT spectra change with the thickness of the top organic 
layer (Figure 5a) and the in-gap side layer (Figure 5b); the 
organic layer was chosen to have a refractive index of 1.5. Figure 
5c shows the electrical field intensity |E|2 at the cross section of 
the single nanoslit unit. The calculations were used to provide 
spatio-temporal images of the SP dynamics (i.e., ‘movies’). These 
visualizations provide insights into the plasmon characteristics, 
such as energy dissipation, decoherence, spatial propagation, and 
plasmon-plasmon interferences.The simulations showed a much 
stronger dependence of the transmitted field induced on changes 
in the refractive index of the side-wall inside the slit region than 
on the top of the nanoslit metal film.
In order to quantify the contribution of the side or top 
refractive index change to the EOT spectral shift, the EOT spectra 
were obtained at different thicknesses of the organic monolayer. 
Figure6a-b display the EOT spectra that were calculated for 
normally incident white light through the nanoslit arrays that 
had high refraction index regions like those shown in (Figure 
5a-5b). The blue, red, and green curves in (Figure 6a) show the 
spectra for nanoslits coated with three different thickness layers 
of RI=1.5 on the top region (Figure 5a). This arrangement gives 
a very low RIU sensitivity. While a 2.5 nm peak shift, from 683.8 
nm to 686.3 nm, is found for a 5 nm thickness coating, one only 
observes 0.45 nm more of a shift as the thickness increases to 30 
nm. In contrast, the in-gap side-wall modification shows a large 
shift. Figure 6b shows the EOT peak shift of a nanoslit with the 
high RI layer at the side wall, and one observes 9.4, 18.9, and 45 
nm peak shifts for the layer thicknesses 5, 10, 30 nm, respectively. 
These results suggest that dominant contribution to the surface 
plasmon induced EOT peak shift is caused by the refractive index 
changes from the side-wall of the nanoslit (cavity mode), which is 
in agreement with previous theoretical studies [27]. 
Experimental RI Sensitivity: The effect of increasing the 
refractive index of the dielectric on the EOT peak wavelength 
shift was tested in experiments. The refractive index changes 
were obtained using water-methanol solvent mixtures; the 
refractive indices were pure water (RI=1.3355), 20% methanol 
(RI=1.3380), and 40% methanol (RI=1.3415). The nanoslit array 
was immersed in the above solvents and the EOT spectra were 
recorded to obtain the primary EOT resonance peak shift. The 
peakshift to the refractive index changes gives an RI sensitivity of 
626nm/RIU. This sensitivity is in reasonable agreement with that 
obtained for SAM coated nanoslit surfaces [27] and higher than 
most nanoparticle-based LSPR sensitivity [28-30]. 
Figure 4 Correlation of λmax with nanoslit array period from both the FDTD and 
experimental spectra.
Figure 5 Panel a-b: The configuration of the metal film with surface 
modifications used for FDTD simulation; Panel c: a snapshot of the electrical 
field intensity |E|2 at the cross section of the single nanoslit unit from FDTD 
simulation.
Central
Wei et al. (2014)
Email: 
JSM Nanotechnol Nanomed  2(2): 1024 (2014) 5/8
Surface functionalization and characterization
In order to detect the binding of targeted analytes, the Au 
surface of the nanoslit must be functionalized with receptors 
that are highly selective for the analyte. In this work, a retinal-
binding protein, β-LG, was used as the targeting protein, and a 
self-assembled monolayer (SAM) of tethered retinal groups was 
prepared at the nanoslit array surface. The step-wise preparation 
of the retinal terminated SAM is schematically illustrated in 
(Figure 7). First, a SAM with an –NH2 terminal moiety was formed 
at the gold surface. Then, the all-trans-retinal was immobilized 
covalently to the amino-terminated SAM via formation of a Schiff 
base, and it was followed by reduction with NaCNBH3, which is a 
selective reductant for imines. In the last step, excess trans-retinal 
and reductant were removed at room temperature by extensive 
washing with methanol and then with acetone. The washed gold 
nanoslit surfaces were air dried and used for characterization 
and testing.
Contact angle measurements: To assess consistency 
in the SAM preparation and retinal attachment, water drop 
contact angles were measured after each preparation step 
using gonionometry, as well as after the ligand protein binding 
reactions. A contact angle of a droplet on a surface reflects the 
balance of interfacial free energy between the three interacting 
phases: the substrate, the liquid, and air. A surface with a 
contact angle less than 90° is considered to be hydrophilic and 
a surface with a contact angle greater than 90° is considered to 
be hydrophobic. At the extremes of 0° and 180°, the surface is 
considered completely wetted or not wetted at all, respectively. 
With the contact angle measurement, we can simply and directly 
evaluate the SAM preparation on the surface.
Table 1 presents the resulting static contact angles for a gold 
surface, a gold surface after the SAM of –NH2/-OH, after covalently 
grafting retinal to –NH2, and after two ligand proteins (β-LG or 
α-LG) binding interactions. Because of the–NH2/-OH moieties 
of the SAM are more hydrophilic than pure gold surfaces, the 
contact angle to water decreases from the bare gold surface. The 
contact angle increases when the hydrophobic retinal is bound to 
the –NH2 moieties at the surface. This behavior demonstrates the 
surface modification and is consistent with expectation.
Because the β-LG has a unique specific binding affinity to 
the small hydrophobic retinal groups [31] while α-LG does not, 
the α-LG provides a useful control assay for nonspecific binding. 
The significant contact angle difference of the β-LG binding as 
compared to the α-LG binding (34 vs. 2 degrees, respectively) 
indicates the specific affinity of β-LG to retinal tethered SAM.
Chip-based nanoslit array for protein detection 
As the most abundant whey protein in bovine milk, β-LG 
Figure 6 Results of optical transmission through an Au nanoslit array through the FDTD calculation: (a) the top organic SAM layer only and (b) in-gap side wall only. The 
SAM thickness is changed from 0 to 30 nm. The insert figure shows the peak shift vs. the thickness of adsorbed organic layer.
Figure 7 A schematic procedure for the retinal SAM preparation: The left is the structure of retinal; the right panel shows the reaction of attaching retinal to the amino-
terminated SAM.
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Surface Au film NH2/OH SAM Retinal SAM
β-LG
(0.5 mg/mL)
α-LG
(0.5 mg/mL)
Contact angle 64±3 50±1 80±2 46±2 77±3
Table 1: Static water contact angles of different surfaces.
plays an important role in the processing of dairy foods, due 
to its unique structural characteristics [32] which include a 
buried sulfhydryl group that becomes exposed during thermal 
denaturation [33]. As seen in the contact angle study, β-LG 
binds to the immobilized retinal moieties with high specificity. 
Therefore, taking advantage of this property, we developed a bio-
selective transmission SPR model sensor for β-LG detection using 
the developed metal film nanoslit array.
The nanoslit array (400 nm periods, 50 nm slit) of the 
primary transmission peak around 680 nm was used to detect 
the β-LG protein. First we studied the saturation binding of β-LG 
to retinal sites at the nanoslit array by incubating the nanoslit 
array chip in a 200µg/mL of β-LG in a 20 mM pH 5.4 PBS. We 
selected a pH=5.4 value because of the optimal retention time 
during binding interactions [34]. The nanoslit slide was rinsed 
with the pH=5.4 PBS buffer and dried under an N2 stream before 
measuring the EOT spectrum measurement in air. Figure 8 shows 
a well-defined EOT spectrum for normally incident white light 
through the nanoslit array after successive surface modifications. 
The transmission peak intensities have been scaled to the same 
maximum value for easier comparison. The blue and red curves 
exhibit the spectra for the all-trans-retinal coated nanoslits after 
the incubation with the retinal binding protein, in the 200µg/mL 
β-LG solution (from bovine milk ~ 90%) for 10 min. We found 
a 10.8 nm peak shift from 672.5nm to 683.3nm after the β-LG 
binding on the nanoslit; presumably this time is enough to reach 
binding equilibrium (because of no extra peak shift with longer 
incubation time).
The peak shift in the transmission SPR shown in (Figure 8) is 
related to changes in the effective dielectric constant (refractive 
index) at the metallic nanoslit array interface. By assuming 
that the total change comes from increasing the organic layer 
thickness, the effective dielectric constant at the modified 
interface can be calculated according to reference [35]. From the 
above measured bulk RI sensitivity of 626 nm/RIU, one is able 
to estimate the effective thickness of β-LG attached to the retinal 
SAM surfaces according to the equation [35-37]:
 
( )[exp( 2 / )][1 exp( 2 / )]LG Air SAM d LG dR m n n d l d lβ β− −∆ = − − − −    
(3)
in which the ΔR (10.8 nm) is the peak shift after the protein 
binding on the retinal SAM, dSAM is the effective thickness of the 
retinal monolayer (~ 2.1 nm), ld is the decay length of SP mode 
into the dielectric at the nanoslit array, ld = 30 nm [27] is used), 
and refractive indices of organic molecules is taken to be 1.5 
and that of air is 1.0. With these values, the increase in the layer 
thickness at the nanoslit surfaces is found to be 0.7 nm. Assuming 
that all of this increase comes from β-LG adsorption, taking its 
molecular weight to be 18.4 kDa, and using a globular diameter 
of 1.6-1.9 nm [38], the coverage of the protein at the nanoslit 
surface is 37% to 44% of full coverage. This result is reasonable 
because the retinal sites are limited or the sites at nanoslit array 
might not be fully used because of steric effects or double-layer 
hindrance [39, 40] of the narrow nano-gap. 
The β-LG protein detection at the sealed perfusion chamber 
(Figure 1) was performed to demonstrate the capability of direct 
chip-based bio-detection of β-LG protein. Various concentrations 
of β-LG in pH 5.4 PBS were syringed in the chamber into which 
a nanoslit sensor was sealed and the flow was stopped for 10 
minutes. Thereafter the analyte solution was syringed out, rinsed 
with DI water, and dried with N2 streaming before collecting the 
transmission spectra at individual concentrations.
Figure 9 shows the dependence of the wavelength peak 
shift on the β-LG concentration. The peak shift for each point 
was obtained by averaging three measurements. As expected, 
the primary resonance peak red shifts when the nanoslit array 
is exposed to β-LG, and the red shift increases with increasing 
β-LG concentration [27,35].The linear fit of the peak shift with 
logarithmic value of the β-LG concentration gives an R2 value of 
0.984 (corresponding to concentration ranges of20 ng/mL to 
20µg/mL). These results indicate that the nanoslit platform, along 
with tailored surface modification with appropriate receptors, 
Figure 8 Optical transmission through an Au nanoslit array: Retinal SAM 
(blue) and after β-LG binding (red).
Figure 9 Detection of β-LG in PBS electrolyte solution: the dependence of the 
wavelength peak shift on the β-LG concentration.
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can be used as protein sensors with high sensitivity. More 
research on different protein detection (in particular for health 
care monitoring, e.g. biomarkers of diseases) in an integrated chip 
device with a microfluidics system, including sample preparation 
and automated operation are under investigation. 
CONCLUSION
In summary, a metal film nanoslit array has been investigated 
as a transmission mode SPR biosensor by utilizing its 
extraordinary optical transmission spectrum. Finite-difference 
time-domain (FDTD) simulation studies have shown that the 
nanoslit array device provides a well-defined transmission 
resonance that is tunable from the visible to the near infrared. 
A consistent red shift of the primary SPR transmission peak was 
observed as the refractive index increases, validating the use of 
this nanoplasmonics-based platform for quantitative detection of 
analyte binding that causes refractive index changes. The FDTD 
simulation revealed that the red shift of EOT peak results mostly 
from the dielectric constant changes in the nanoslit region, the 
side wall surfaces, rather than the top surfaces.The bulk refractive 
index sensitivity of a 400 nm period nanoslit array is found to 
be 626nm/RIU, which is higher than most gold nanoparticle-
based LSPR sensors on planar substrates. The nanoslit array 
demonstrates an integration of on-chip sensitive detection of 
β-LG with a modified retinal monolayer in a transmission SPR 
mode, suggesting compatibility to microfluidics and emerging 
miniaturized lab-on-chip biosensor application.
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